Introduction
============

Ageing induces progressive seed deterioration ultimately leading to lethal damage and inability to germinate. In orthodox seeds (i.e. seeds which tolerate dehydration), accelerated ageing can be artificially induced at high temperature and high relative humidity (RH) ([@bib41]). In sunflower, for example, storage of seeds at 45 °C and 100% RH results in a progressive reduction of germination and induces abnormal seedling growth and then finally leads to death ([@bib16]; [@bib21]). However, the sensitivity of seeds to accelerated ageing is tightly dependent on temperature and on their water content. At a constant temperature, loss of seed viability is faster with increasing moisture content (MC), a key factor in seed longevity ([@bib41]; [@bib33]).

At the cellular level, seed ageing is associated with various alterations including loss of membrane integrity, reduced energy metabolism, impairment of RNA and protein synthesis, and DNA degradation ([@bib51]; [@bib53]; [@bib33]; [@bib15]; [@bib25]). It has been known for a long time that a progressive fragmentation of embryonic nuclear DNA occurs during seed ageing ([@bib12]; [@bib39]). DNA damage can be due to an uncontrolled degradation following extensive DNA oxidation ([@bib44]) or to DNA laddering, as is commonly observed in active and genetically controlled programmed cell death (PCD) ([@bib46]). In seeds, PCD-like DNA fragmentation was only detected in response to ageing in *Pisum sativum* ([@bib26]). These authors proposed that the increase of half-cell reduction potential of glutathione, presumably caused by reactive oxygen species (ROS), could be a part of a signalling cascade leading to PCD. ROS generation is indeed known to be implicated in plant and animal PCD that occurs during many stresses ([@bib23]; [@bib35]; [@bib30]).

ROS have been widely cited as being the main factor causing seed ageing during their prolonged storage ([@bib41]). In sunflower seeds, loss of viability during ageing has been shown to be associated with an accumulation of hydrogen peroxide (H~2~O~2~) and lipid peroxidation and with a decrease in the activity of antioxidant enzymes ([@bib6]; [@bib25]). Due to the absence of free water in dry seeds, non-enzymatic mechanisms such as lipid peroxidation are likely to be involved in ROS accumulation during dry storage, but as soon as seeds imbibe, enzymatic mechanisms participate in ROS production. One of the major sources of ROS in metabolically active seeds is the mitochondrial respiratory chain ([@bib5]); however, any mitochondrial alteration leads to increased ROS production ([@bib55]; [@bib11]). ROS can moreover induce the opening of membrane permeability transition pores in mitochondria and release of cytochrome *c* and other apoptogenic factors into the cytoplasm, which leads to apoptosis ([@bib47]). In animals, mitochondrial alterations have been proposed to be involved in, and possibly responsible for, cell death ([@bib10]), and are often considered as being a central mechanism driving mammalian ageing ([@bib29]).

Whether ROS-triggered PCD might participate in the loss of seed viability during seed ageing is largely unknown. It is proposed that the possible occurrence of PCD in seeds relies on the intracellular water availability which governs active metabolism, thus possibly allowing definition of a critical MC that drives this phenomenon. Therefore, the occurrence of such a mechanism of viability loss would be mainly involved in seed survival in the soil seed bank in which seed MC varies greatly with changing environmental conditions. In order to study the involvement of seed MC in seed longevity, an ageing protocol was designed using sunflower seeds which allowed the ageing mechanisms to be studied over a wide range of MCs. This protocol resulted in a progressive ageing rate that permitted determination of the sequences of cellular events involved in seed death and the MCs at which they occur. Using this model, the relationship between DNA damage intensity, a good marker of age-related damage, and seed MC during ageing was established. DNA alterations were revealed by random amplification of polymorphic DNA (RAPD) analysis which has already been described as a suitable method for the detection of DNA damage and mutational events (e.g. rearrangements, point mutation, small insert or deletions of DNA, and other possible changes such as structural distortion) in bacteria or animals ([@bib2]; [@bib1]), and also in seedlings ([@bib32]) and seeds ([@bib43]; [@bib52]). DNA alterations were studied with regards to the possible occurrence of PCD during ageing. As PCD is related to a sequence of cell events that include impairment of mitochondria functioning or DNA fragmentation, the effect of seed MC on these two phenomena was studied. As DNA laddering is often hardly detectable, the terminal deoxynucleotide transferase-mediated dUTP nick-end labelling (TUNEL) reaction *in situ* was also used*. This reaction* labels the free 3′-OH DNA strand breaks and is widely accepted as a specific criterion of PCD ([@bib17]).The results obtained allow a novel model to be proposed that presents a putative pattern of the cellular events occurring with increasing MC and which can play a role in seed death.

Materials and methods
=====================

Plant material and ageing treatments
------------------------------------

Experiments were carried out with sunflower (*Helianthus annuus* L.) seeds harvested in 2004 and received from Monsanto-France (Peyrehorade, France). Seeds were stored for 3 months at 20 °C and 75% RH in order to break their dormancy ([@bib14]) before ageing treatment. Ageing was performed according to [@bib25]. Seeds were equilibrated for 24 h at 20 °C, in closed flasks with different amounts of water to obtain seed MCs ranging from 0.04  g H~2~O g^−1^ dry matter (DM) (dry seeds) to 0.48 g H~2~O g^−1^ DM, and then placed at 35 °C for 7 d. Flasks were regularly flushed with air to ensure seed oxygenation. After ageing treatment, germination assays were performed on whole seeds (whole embryo, i.e. embryonic axis plus two cotyledons, plus the seed coat) and embryonic axes (radicle plus gemmula) were isolated and frozen for DNA extraction or used fresh for adenosine phosphate assay and cytological experiments.

Germination assays
------------------

Germination assays were performed at 15 °C in darkness, in three replicates of 50 whole seeds placed in 9 cm diameter Petri dishes on a layer of cotton wool moistened with deionized water. Germination counts were made carried out for 7 d. The results presented correspond to the means of the germination percentages obtained after 7 d ±SD.

Water content determination
---------------------------

Water content determination was determined on 10 whole seeds according to [@bib25].

Adenosine phosphate measurement
-------------------------------

The adenylate pool (AP: ATP, ADP, and AMP) was extracted according to [@bib38] from three axes excised from seeds after 1 d of water equilibrium at different MCs at 20 °C and after a subsequent 7 d controlled deterioration at 35 °C. The components of the AP were measured using the bioluminescence method with a pico-ATP biophotometer (Jobin et Yvon, France), as described by [@bib15] and [@bib25]. Values were calculated as nmol AP per mg DM and are the means of values obtained with 5--7 extracts. [Figure 2](#fig2){ref-type="fig"} presents the percentage AP decrease which corresponds to the difference between the AP content before and after ageing. Data were subjected to an analysis of variance using Duncan\'s multiple range test at *P* ≤0.05.

DNA extraction and analysis
---------------------------

Embryonic axes isolated from whole seeds using a sharp scalpel blade were immediately frozen in liquid nitrogen, and then stored at --80 °C. DNA was isolated from embryonic axes according to the method described by [@bib22]. A 0.2 g aliquot of sample was ground with liquid nitrogen by using a mortar and pestle for ∼5 min. The resultant fine powder was suspended in 2 ml of SDS extraction buffer (1% SDS, 200 mM TRIS-HCl, pH 7.5, 288 mM NaCl, and 25 mM EDTA) by vigorous vortexing for 2 min. Debris was removed by centrifugation at 10 000 *g* for 2 min. The supernatant was mixed with an equal volume of cold isopropanol and then the precipitate was separated by centrifugation (12 000 *g*, 7 min). The nucleic acids in the pellet were dried and then dissolved in 100 ml of TE buffer (100 mM TRIS-HCl, pH 7.5, and 1 mM EDTA).

DNA electrophoresis was performed to assess DNA fragmentation. DNA samples (10 μg lane^−1^) were loaded on a 1.5% agarose gel stained with 0.2 μg ml^−1^ ethidium bromide.

RAPD analysis
-------------

Random 10-base primers used correspond to Operon kit A primers, according to [@bib45] ([Table 1](#tbl1){ref-type="table"}). Amplifications were carried out in 25 μl of reaction mixture containing 100 ng of genomic DNA, 120 ng of primer, 200 μM dNTPs (50 μM of each), 10× reaction buffer, and 0.5 U of *Taq* DNA polymerase. The RAPD protocol consisted of an initial denaturing step of 5 min at 94 °C, followed by 40 cycles at 94 °C for 1 min, 34 °C for 1 min, and 72 °C for 1 min, with an additional extension period of 10 min at 72 °C. RAPD products were analysed by electrophoresis in 1.5% agarose gels stained with 0.2 μg ml^−1^ ethidium bromide. The polymorphism presented is repeatable and corresponds to representative observations obtained with three different DNA preparations from independent biological replicates

###### 

Sequences of the 20 primers used in this study

  Primer no.   Primer sequences (5′→3′)
  ------------ --------------------------
  RAPD 1       CAGCACCCAC
  RAPD 2       TTCCGAACCC
  RAPD 3       AGGTGACCGT
  RAPD 4       GTTGCGATCC
  RAPD 5       CAGGCCCTTC
  RAPD 6       AGTCAGCCAC
  RAPD 7       GGTCCCTGAC
  RAPD 8       GTGACGTAGG
  RAPD 9       TGCCGAGCTG
  RAPD 10      AATCGGGCTG
  RAPD 11      AGGGGTCTTG
  RAPD 12      GAAACGGGTG
  RAPD 13      GGGTAACGCC
  RAPD 14      GTGATCGCAG
  RAPD 15      CAATCGCCGT
  RAPD 16      TCGGCGATAG
  RAPD 17      AGCCAGCGAA
  RAPD 18      GACCGCTTGT
  RAPD 19      CAAACGTCGG
  RAPD 20      TCTGTGCTGG

Paraffin embedding tissue TUNEL assay
-------------------------------------

Plant material was fixed in 4% (w/v) formaldehyde in 50 mM phosphate buffer (pH 7.5) (PBS) containing 150 mM NaCl for 2 h at room temperature. Tissue was then dehydrated and embedded in paraffin essentially as described by [@bib37]. Sections (6 μm) were cut with a Heidelberg (Jung Ag) microtome and mounted on polylysine-subbed slides. Paraffin was removed with two changes of Histoclear (Euromedex) during 10 min, and sections were hydrated in an ethanol/water series and then in 0.85% NaCl solution prior to TUNEL assay.

TUNEL was performed using the Promega *in situ* apoptosis detection kit according to the manufacturer\'s instructions.

DAPI and PI staining
--------------------

Transverse hand-cut sections of embryonic axes were incubated in phosphate buffer (PBS) for 5 min at room temperature and an additional 10 min in propidium iodide (PI) at 5 μg ml^−1^ or 4\',6-diamidino-2-phenylindole (DAPI) at 300 nM before a final step of washing with PBS. Sections were then placed on slides and observed with a Zeiss Axiophot fluorescence microscope.

Results
=======

Effect of moisture content during seed deterioration at 35 °C on seed viability
-------------------------------------------------------------------------------

After 24 h of equilibrium at various MCs, seeds were aged at 35 °C for 7 d. Non-aged seeds (dry seeds, 0.04 g H~2~O g^−1^ DM) fully germinated within 7 d at 15 °C (data not shown). Controlled deterioration at 35 °C for 7 d resulted in a significant decrease of seed viability as evaluated by the germination percentages obtained after 7 d at 15 °C ([Fig.1](#fig1){ref-type="fig"}). The higher the water content was, the lower was the seed viability. An increase in seed water content up to 0.29 g H~2~O g^−1^ DM resulted in a significant reduction of seed viability. At an MC of 0.37 g H~2~O g^−1^ DM, 50% of the seed population remained viable, but all seeds were dead at 0.48 g H~2~O g^−1^ DM ([Fig.1](#fig1){ref-type="fig"}).

![Effects of 7 d treatment at 35 °C of seeds previously equilibrated at a water content of 0.04, 0.14, 0.21, 0.29, 0.37, and 0.48 g H~2~O g^−1^ DM on subsequent germination percentages obtained after 7 days at 15 °C. Means of five measurements ±SD. Means are significantly different at the 0.05 probability level determined by the independent samples *t*- test.](jexboterr198f01_lw){#fig1}

Effect of ageing on energy metabolism as related to seed moisture content
-------------------------------------------------------------------------

The AP (ATP, ADP, and AMP) was measured in the axis before (upon seed equilibrium with various amount of water) and after 7 d of ageing at 35 °C. The decrease in the AP, which represents the difference between the AP content before and after ageing, is expressed as a percentage of the AP measured in unaged seeds equilibrated at various MCs ([Fig. 2](#fig2){ref-type="fig"}). This mode of calculation allows integration of the effect of increasing MCs on the AP (see also [@bib25]). Seven days of controlled deterioration at 35 °C resulted in a decrease in the AP that was related to seed MC but not proportionally, thus allowing description of two levels of mitochondrial impairment. From 0.14 to 0.29 g H~2~O g^−1^ DM, the AP decreased by ∼25% after ageing ([Fig. 2](#fig2){ref-type="fig"}). When the seed MC was \>0.37 g H~2~O g^−1^ DM, the pool decreased markedly and represented ∼40% of that found in unaged seeds ([Fig. 2](#fig2){ref-type="fig"}).

![Effect of 7 d of controlled deterioration at 35 °C of seeds equilibrated at a water content of 0.04, 0.14, 0.21, 0.29, 0.37, and 0.48 g H~2~O g^−1^ DM on the decrease of the adenylate pool (ATP, ADP, and AMP). The decrease corresponds to the difference between the values obtained after 1 d of water equilibrium of seeds at 20 °C and the values determined after controlled deterioration. Values are the means of three measurements. Columns having the same letter are not significantly different at the 0.05 probability level as determined by Duncan\'s test.](jexboterr198f02_ht){#fig2}

Relationship between seed moisture content and DNA alteration
-------------------------------------------------------------

RAPD profiles obtained with DNA templates from seeds aged at various MCs are shown in [Fig. 3](#fig3){ref-type="fig"}. Among the 20 decamer oligonucleotide primers tested, only 13 gave specific and reproducible results. Several primers (1, 2, 3, 6, 8, and 16) gave a constant pattern of PCR products in all DNA samples, whatever the seed MC during ageing ([Fig. 3A](#fig3){ref-type="fig"}). In contrast, other primers showed polymorphism and gave different PCR products as a function of seed MC ([Fig. 3B](#fig3){ref-type="fig"}). Primer 12 amplified two bands only in dry seeds (0.04 g H~2~O g^−1^ DM) and did not gave PCR products at higher MCs ([Fig. 3B](#fig3){ref-type="fig"}). For primers 5, 7, 10, 11, 15, and 17, the greatest variability in the pattern of PCR products occurred when the seed MC was 0.37 or 0.48 g H~2~O g^−1^ DM ([Fig. 3B](#fig3){ref-type="fig"}). Primer 17 ([Fig. 3B](#fig3){ref-type="fig"}) allowed a slight amplification when the seed MC was ∼0.21 g H~2~O g^−1^ DM, but the number of bands increased to about three and four when the MC increased to 0.37 and 0.48 g H~2~O g^−1^ DM. Primer 11 amplified five bands only with the DNA sample of seeds at an MC of 0.37 g H~2~O g^−1^ DM. At the higher MCs, progressive and extensive DNA degradation probably induced a lack of sites for primer 11 ([Fig. 3B](#fig3){ref-type="fig"}) but a gain of sites for primers 10 and 15 ([Fig. 3B](#fig3){ref-type="fig"}). The general trend (i.e. six primers among the seven primers which give a variable pattern) was an increasing number and amount of products with increasing seed water content, and major changes in DNA occurred when the seed MC reached 0.37 g H~2~O g^−1^ DM.

![Representative electrophoregrams of amplification products obtained from the DNAs of the axis of aged seeds containing a water content of 0.04, 0.14, 0.21, 0.29, 0.37, and 0.48 g H~2~O g^−1^ DM. (A) Consistent pattern obtained by amplification with RAPD primers 1, 2, 3, 6, 8, and 16. (B) Variable pattern obtained by amplification with RAPD primers 5, 7, 10, 11, 12, 15, and 17. RAPD-PCR experiments were performed three times for the 20 primers.](jexboterr198f03_ht){#fig3}

Detection of cell death: DNA laddering and TUNEL assay
------------------------------------------------------

Electrophoresis of DNA on an agarose gel showed DNA fragmentation characterized by the appearance of bands in the case of the aged seeds equilibrated at 0.37 g H~2~O g^−1^ DM only (arrows [Fig. 4](#fig4){ref-type="fig"}). Laddering was not detected in seeds aged at 0.48 g H~2~O g^−1^ DM ([Fig. 4](#fig4){ref-type="fig"}) which could be explained by extensive DNA degradation including laddering fragment products.

![Representative agarose gel electrophoresis of total DNA extracted from the axis isolated from seeds aged for 7 d at 35 °C at a water content of 0.14, 0.37, and 0.48 g H~2~O g^−1^ DM. A 10 μg aliquot of total DNA extracted from the axis was loaded on a 2% agarose gel, and stained with ethidium bromide. Four DNA bands of 600, 800, 1000, and 1200 bp are present in DNA of seeds at a water content of 0.37 g H~2~O g^−1^ DM (arrows). Laddering was detected in four independent experiments. MW: 100 PB DNA ladder (100--3000 bp) molecular weight (Euromedex).](jexboterr198f04_ht){#fig4}

To confirm the finding of PCD in aged seeds, the TUNEL assay was used to detect apoptotic cells in sunflower axes. TUNEL assay was coupled with PI staining in order to co-localize nuclei of dead cells. Paraffin-embedded sections of sunflower embryonic axes were positive in the TUNEL assay as revealed by bright green fluorescent spots in [Fig. 5G](#fig5){ref-type="fig"} when seeds were equilibrated at 0.37 g H~2~O g^−1^ DM and aged for 7 d at 35 °C. PI staining confirmed the localization of the TUNEL reaction within the nuclei ([Fig. 5H](#fig5){ref-type="fig"}), and the use of a DNase showed that the TUNEL assay detected DNA fragmentation in embryonic axes ([Fig. 5A](#fig5){ref-type="fig"}, [B](#fig5){ref-type="fig"}). In unaged and aged seeds containing 0.14 g H~2~O g^−1^ DM, no TUNEL reaction was evidenced as shown by the absence of green fluorescence and the yellow tint of the nuclei in [Fig. 5C](#fig5){ref-type="fig"} and [E](#fig5){ref-type="fig"}.

![Paraffin embryo axis sections labelled with TUNEL assay (A, C, E, and G) and corresponding PI staining (B, D, F, and H). (A and B) Positive control corresponding to a DNase-treated section. (C and D) Sections of unaged seeds. (E and F) Sections of seeds equilibrated at a water content of 0.14 g H~2~O g^−1^ DM and aged for 7  d at 35 °C. (G and H) Sections of seeds equilibrated at a water content of 0.37 g H~2~O g^−1^ DM and aged for 7 d at 35 °C.](jexboterr198f05_3c){#fig5}

DAPI and PI staining
--------------------

The viability of seeds treated at 35 °C for 7 d was examined at the cellular level using the fluorescent probes PI and DAPI. Successive hand-cut sections of each axis were stained with DAPI in order to visualize all nuclei, and with PI, which stains nuclei of dead cells only, PI being a marker of cell death ([@bib36]). PI staining of sections of seeds with a low level of hydration (from 0.04 to 0.29 g H~2~O g^−1^ DM) showed a very weak fluorescence, indicating the presence of living cells only ([Fig. 6A](#fig6){ref-type="fig"}), while the results shown in [Fig. 6B](#fig6){ref-type="fig"} confirmed the nuclear localization. Full loss of cell viability was observed in axes of seeds aged at 0.37 g H~2~O g^−1^ DM since all nuclei displayed PI staining ([Fig. 6C](#fig6){ref-type="fig"}, [D](#fig6){ref-type="fig"}). At 0.37 g H~2~O g^−1^ DM, 50% of the hand-cut sections observed showed an intense red fluorescence of nuclei due to PI, similar to that in [Fig. 6C](#fig6){ref-type="fig"}, while in 50% of the sections observed PI fluorescence was as weak as shown in [Fig. 6A](#fig6){ref-type="fig"}.

![Fluorescence micrographs of sunflower seed sections stained with PI (A and C) and DAPI (B and D). Transverse hand-cut sections of an axis corresponding to viable dry seeds (0.04 g H~2~O g^−1^ DM) (A and B) and an axis from seeds previously equilibrated at a water content of 0.37 g H~2~O g^−1^ DM, and then aged at 35 °C for 7 d (C and D), were stained with PI (5 μg ml^−1^) and DAPI (300 nM) in PBS medium prior to image capture. Red nuclei correspond to dead cells. Bar=50 μm.](jexboterr198f06_3c){#fig6}

Discussion
==========

Seed ageing is influenced by two environmental factors, RH and temperature. Accelerated ageing has been developed under laboratory conditions by exposure of seed to high temperatures (30--45 °C) and high humidity. Accelerated ageing has been recognized as a good predictor of the storability of seed lots ([@bib41]). It is associated with loss of vigour (i.e. the ability to germinate rapidly in a wide range of environmental conditions) and then with a progressive loss of viability. The loss of viability can be modulated by exposure of seeds at constant MC to different temperatures or by exposure of seeds equilibrated at different MCs to a constant temperature. In fact, 7 d ageing of sunflower seeds at a constant MC (0.29 g H~2~O g^−1^ DM) resulted in 90% germination when exposed at 25 °C, 80% at 35 °C, and 0% at 45 °C compared with non-aged seeds which displayed 98% germination (unpublished data). The present work shows that loss of seed viability during ageing at a constant temperature (35 °C) strongly depends on the MC ([Fig. 1](#fig1){ref-type="fig"}), as was previously described with seeds of the same species ([@bib6]; [@bib25]). This behaviour allows a critical MC at which 50% of the seed population was dead (P~50~) to be defined. Under the present experimental conditions this value was 0.37 g H~2~O g^−1^ DM ([Fig. 1](#fig1){ref-type="fig"}).

It is shown that sunflower seed ageing is associated with increased DNA damage, as evidenced by RAPD analysis. These data are in agreement with previous publications which demonstrated that DNA deterioration is a key feature of seed ageing using either RAPD ([@bib43]; [@bib52]) or AFLP (amplified fragment length polymorphism; [@bib13]) techniques. Interestingly it is shown that the extent of DNA damage depends on seed MC, since polymorphism varies with increases in seed MC. This suggests that seed MC regulates the nature and/or the rate of DNA alteration, as shown by RAPD analysis ([Fig. 3](#fig3){ref-type="fig"}). A single primer (RAPD 12) produced a pattern of disappearance of bands when seed MC increased above 0.04 g H~2~O g^−1^ DM ([Fig. 3B](#fig3){ref-type="fig"}). DNA modification related to repair has been shown by [@bib9] in the early steps of seed imbibition, and this mechanism has been proposed as being a prerequisite for allowing the completion of the germination process. The most common kind of variability in the patterns of RAPD-PCR products nevertheless consisted of the appearance of new bands (primers 5, 7, 10, 11, 15, and 17 in [Fig. 3](#fig3){ref-type="fig"}). This trend has already been reported during ageing of soybean seeds ([@bib43]). New fragments can be amplified because some sites become accessible to the primer after structural changes in the DNA take place ([@bib21]; [@bib20]). This could be due to point mutations and/or extensive rearrangements of the DNA. A single point mutation within the primer site can generate significant changes in RAPD patterns ([@bib57]). DNA alterations evidenced by polymorphism were observed when seed MC reached at least 0.37 g H~2~O g^−1^ DM since lower MCs had no effect on the pattern of bands ([Fig. 3B](#fig3){ref-type="fig"}). Interestingly, this is also the MC at which DNA fragmentation showing the typical pattern of laddering was evidenced ([Fig. 4](#fig4){ref-type="fig"}). This pattern is considered as being a hallmark of PCD ([@bib24]), thus suggesting that this active mechanism of apoptosis is likely to take place during sunflower seed ageing under hydrated conditions. The involvement of PCD in loss of viability was confirmed using TUNEL assay and by studying the changes in the AP. The strong depletion of the AP that occurs at 0.37 g H~2~O g^−1^ DM suggests mitochondrial dysfunctioning at this MC which can result from changes in the mitochondrial ion channels and release of cytochrome *c* into the cytoplasm ([@bib24]). A decrease in the AP was recorded from an MC of 0.14 g H~2~O g^−1^ DM, which suggests an impairment in mitochondrial metabolism at this ageing point corresponding to ∼90% germination. It has been reported that the impairment of energy metabolism is a process which occurs when cell viability is almost unaffected, which suggests that mitochondrial damage occurs in the early phase of PCD in plant and mammalian cells ([@bib4], [@bib3]; [@bib49]).

Primary events of PCD are triggered by ROS, and a threshold level of ROS is required to activate the signal transduction pathway that results in PCD ([@bib18]; [@bib27]). It was shown using the same model and ageing conditions that ROS and lipid peroxidation increased according to ageing intensity, namely MC ([@bib25]). Oxidative stress and lipid peroxidation have been widely indicated as the major cause of deterioration of oilseeds during ageing ([@bib41]; [@bib6]; [@bib33]). Furthermore, changes in the half-cell reduction potential of glutathione \[E(GSSG/2GSH)\], which represents the major cellular antioxidant and redox buffer, were related to PCD during ageing in pee seeds ([@bib26]).

*In situ* observations (TUNEL and PI staining; [Figs 5](#fig5){ref-type="fig"}, [6](#fig6){ref-type="fig"}) provide supplementary useful data because they allowed PCD to be studied at the level of individuals, whereas DNA fragmentation and mitochondrial failure were evidenced at the population level. These observations show that the whole cellular territory of seeds undergoes PCD in a synchronous manner when they have reached a critical point resulting from a combination of temperature, duration, and MC applied during the ageing treatment (close to 35 °C, 7 d, and 0.37 g H~2~O g^−1^ DM under the present conditions). If all cells simultaneously undergo PCD, as shown here, the seed will die and this mechanism cannot therefore be considered as a selective elimination of unwanted cells, as was shown in other developmental processes or in response to pathogens ([@bib24]; [@bib42]).

This set of data allows the proposal to be made that PCD participates in loss of seed viability in hydrated conditions. A similar observation was made by [@bib26] who showed that DNA laddering occurred during ageing of pea seeds when their germination percentage was close to 50% (i.e. when 50% of the seeds were dead), but this was in dry seeds. The present results show that DNA laddering occurred when seed MC was close to 0.37 g H~2~O g^−1^ DM, an MC which also corresponds to 50% seed viability ([Figs 1](#fig1){ref-type="fig"}, [4](#fig4){ref-type="fig"}). Similarly, RAPD-PCR assays also suggested that 50% seed viability was a key point for DNA alteration ([Fig. 3](#fig3){ref-type="fig"}). The time taken for germination to drop to 50% (P~50~) was already taken into account in orthodox seeds as an important parameter for considering seed deterioration during storage ([@bib41]). Here, it is demonstrated that the P~50~ could also be relevant for PCD and consequent loss of seed viability. The presence of \<50% dead seeds does not allow the detection of PCD in a seed population. At the cellular level, this assessment has to be considered using the concept of 'the point of no return'. The point of no return is defined as the point at which a cell that is undergoing PCD becomes irreversibly committed to die ([@bib28]). Before this point of no return the deleterious events occurring in the cells are therefore reversible. The point of no return in fungi and animals has often been associated with lack of mitochondrial function ([@bib50]). Recent studies have provided evidence to substantiate the importance of mitochondrial production of ROS in PCD during ageing in animal cells ([@bib31]). Indeed, oxidative stress seems to be responsible for the decline of mitochondrial respiratory function during human ageing ([@bib54]) and respiratory function could enhance ROS production in mitochondria resulting in ATP depletion, the initiation of the mitochondrial permeability transition, and PCD in plants ([@bib48]). As mentioned previously, in the present system, the AP decreased during ageing whatever the MC, but stronger reduction began at an MC of 0.29--0.37 g H~2~O g^−1^ DM, suggesting the occurrence of mitochondrial dysfunction before PCD at P~50~ ([Fig. 2](#fig2){ref-type="fig"}).

The activities of detoxifying enzymes, superoxide dismutase (SOD), catalase (CAT), and glutathione reductase (GR), decreased rapidly, thus leading to ROS accumulation ([@bib25]). [@bib7] have demonstrated that priming could reverse the age-related damage of sunflower seeds, mainly by enhancing the activities of antioxidant enzymes and therefore allowing the cells to escape from oxidative stress. It is proposed here that the sustained ability of cells to withstand this oxidative stress would prevent them from reaching the point of no return.

These data combined with previous data using sunflower seeds ([@bib6], [@bib7], [@bib8]) allow the sequential involvement of the cellular events discussed above to be proposed, ROS being key players in loss of viability. When seed MC increases, lipoxygenase, an enzyme that produces free radicals, is activated ([@bib8]) and respiration resumes at ∼0.08 g H~2~O g^−1^ DM ([@bib25]). Both events generate ROS that may serve, with lipid peroxidation by-products, as inducing factors for PCD through DNA alteration and mitochondrial dysfunctioning. Then mitochondrial activity is dramatically impaired and the cells pass the point of no return, leading to cell and seed death.

The present findings allow a model of seed ageing in hydrated conditions to be proposed which probably does not differ from that occurring in the soil seed bank, where seeds undergo hydration--rehydration cycles ([@bib34]). Furthermore, this model is very close to the one involved in ageing of plant and animal organisms. It has already been suggested that plants, like mammalian cells, possess constitutively expressed PCD machinery in an inactive state waiting to receive activation signals and carry out cell death if necessary ([@bib56]; [@bib19]). In addition it is shown that seed death results from a synchronous loss of cell viability that occurs when degenerative processes reach the point of no return due to oxidative stress.
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